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EXPERIMENTAL STUDIES ON THE AERODYNAMIC PERFORMANCE AND
DYNAMIC RESPONSE OF FLOW DIRECTION SENSING VANES*

By

P.S. Barna*#*
and
Gary R. Crossman#*

SUMMARY

Systematic investigations were performed on a variety of aerodynamic
surfaces to obtain their performance characteristics and determine their

potential for possible application to wind vanes. Among the surfaces tested
were:

(a) single vanes consisting of flat plates of various planforms having
aspect ratios between 0.5 and 5;

(b) bi-vanes with aspect ratio 2.5;
(c) various cone and box vanes; and
(d) various cruciform configurations.

These models were subjected to windtunnel tests in the Engineering
Taboratories at 01d Dominion University. In addition to 1ift and drag force
measurements, damping and frequency tests were performed under a variety of
flow conditions.

These tests were performed in the range of Reynolds numbers 3 x 10% to
1.3 x 105.

* This report includes results of research performed under tasks NAS1-9434-49,
NAS1-11707-10, and NAS1-11707-40.

*%  Professor of Mechanical Engineering, School of Engineering, 01d Dominion
University, Norfolk, Virginia 23508

*%% fAssistant Professor of Engineering Technology, School of Engineering, 01d
Dominion University, Norfolk, Virginia 23508.




INTRODUCTION

The simplest wind vane is the "weathercock" which has been known for some
considerable time and has been used to visually determine the "climatic" wind
direction in the open air. In comparison to modern standards, these devices
viere relatively crude instruments with generally slow response and thus have
had 1imited scientific application. Recently, however, more sophisticated
wind vanes have been developed to accurately and promptly determine the direction
of airflow under a variety of flow conditions. In some instances, when determi-
nation of wind speed is also desired, a propeller finds application and together
with the wind vane this type of sensor has gained popularity in various fields
of application. In aircraft testing, vanes are employed to accurately determine
such variables as airspeed, gust velocity*, angle of attack, angle of slide-slip,
etc. In meteorology, increased emphasis on atmospheric turbulence studies has
resulted in a renewed interest in meteorological sensors which would rapidly
respond to high frequency disturbances. As a result of this demand numerous
investigators have set out to review the existing theory of oscillating wind
vanes and to design and test various models in order to determine- -—preferably
also to improve- -their overall performance.

These efforts produced a variety of designs which are described in numerous
papers listed in the reference section. However, after reviewing these papers
it was felt that additional studies were needed to answer some questions still
outstanding concerning the pertinent parameters and design procedures which
ultimately would lead to instruments with optimum response. In order to attain
this a test program was instituted which centered around systematic investigations
relating to the aerodynamic performance and dynamic response of vanes or fins
under steady flow conditions. Accordingly, in this program the performance and
response characteristics of numerous model vanes of various sizes and shapes were
obtained. The results of these studies are summarized in this paper.

SYMBOLS

a 1ift curve slope dCL/da, radians

A.C. aerodynamic center (center of pressure) assumed 1/4 chord distance from
leading edge

* Usually coupled with a windmill.




aspect ratio, b2/S
span of a wing, m
chord, m

mean chord, S/b

chord at root, m

normal force coefficient of single vane

average torque coefficient for bi-vanes

1ift coefficient of vane

drag coefficient of vane
moment coefficient of vane
center of gravity of vane
distance between bi-vanes, m
damping of vane

critical damping

Young's modulus of elasticity
normal force acting on vane,
natural frequency, Hz

damped frequency, Hz

overshoot ratio

N

mass moment of inertia, kg/m2

area second moment, m“

response length, m
mass of vane

unit of torque, Nm/degree

radial distance from pivot to center of gravity of vane, m



r armlength, radial distance of normal force to pivot, m

n
RV armlength of bi-vanes, m

q dynamic pressure, %-pU2

S vane area, m2

t time, sec

tR time response for amplitude to decrease from 8o to Bps Sec
t, vane thickness, m

T torque generated by bi-vanes, Nm

At time required for 8o to decrease to %'Bo’ sec

U approach air velocity, m/s

W Toad per unit span of wing, N/m

Xa ¢ distance from leading edge to A.C., m

a angle of incidence enclosed between a chord and airstream, degrees
B displacement or oscillations, radians

80 initial displacement or offset angle, radians

Br amplitude after time lapse of tR’ radians

Y arm angle of bi-vanes, degrees

v kinematic visocity of air, m2/s

) angular frequency of oscillations, rad/s

¢ vane setting or trim angle, degrees

p density of air, kg/m3

Py density of vane material, kg/m3

£ damping ratio

o relative deflection

TR specific time response when ZH]HBO/SR =1

A peak ratios of successive amplitudes of oscillations







CONSIDERATIONS CONCERNING VANE DESIGN

The term wind vane or weather vane refers to a simple system generally
consisting of/three components: (a) an aerodynamic surface which is the vane
itself, (b) an arm, to which the vane is attached at one end, and (c) a counter-
weight at the other end of the arm that statically balances the vane. Between
the vane and counterweight a pivotal axis is located generally at the center of
gravity of the system about which motion takes place. It is a necessary condition
that the vane under consideration is free to rotate about the axis so it can
align itself parallel with the airstream without restraint. It is understood that,
when a well designed vane is displaced from equilibrium and is subsequently
released, it always promptly returns to its former equilibrium position parallel
to the direction of the wind through a few oscillations with rapidly diminishing
amplitude.

Generally a vane design should satisfy various criteria of different origin.
These criteria may be divided into three major categories, namely, (a) aero-
dynamic, (b) structural, and (c) manufacturing criteria, each of which embraces
a different field of study.

The pertinent parameters related to vane design and performance are influenced
by the interaction between these three criteria. More specifically, aerodynamic
criteria concern dynamic responses such as frequency and damping of the system
resulting from aerodynamic forces acting on the particular vane configuration.
The structural criteria relate to stiffness or rigidity of the vane configuration
and it can readily be seen that the physical properties of vane material such
as density and elasticity, as well as dimensions, affect mechanical strength.
Since, however, the mass and shape of the vane combined with its component's
configuration determines inertia, a scope for optimization emerges because both
damping and frequency depend on inertia as well as on aerodynamic forces.
Furthermore, since aerodynamic forces depend on vane planform, ultimately strong
interdependence between aerodynémic and structural aspects become evident.
Finally, the design should preferably be simple and so lend itself to easy,
low-cost manufacture which generally adds to the commercial attractiveness of
the product.

The design of a vane also depends a great deal on the particular mode of



application, such as steady or unsteady flow, subsonic or supersonic speed and

so on. For example, vanes designed for sensing incidence angles of the air from
an aircraft may differ considerably from vanes employed at a meteorology station.
A vane designed to withstand handling under field conditions will have to be more
rugged and thus would have more inertia than a vane used in a laboratory under
controlled conditions. But even a light vane must be adequately stiff to ward
of f aero-elastic effects.

Thus each particular application will probably result in a different design
which must satisfy specific requirements. However, in order to design vanes for
a particular purpose, their aerodynamic performance characteristics must first be
established. Under aeradynamic performance is Tisted the 1ift, drag, and aero-
dynamic moment of a particular vane configuration.

Performance Parameters

The dynamic behavior of wind vanes may be characterized as a damped periodic
oscillatory motion analytically represented by a second order differential equation
which is linear as Tong as the torque produced by aerodynamic forces is linear
with angle of incidence. In practice, torque is indeed found to be linear under
steady flow conditions for small angles of incidence provided the vane is isolated
(single). The relevant theory is summarized in Appendix A. The accuracy of
theoretical predictions, however, falls short for some bi-vane configurations and
for small aspect ratio vanes with short armlength.* The relevant theory for
bi-vanes is presented in detail in Appendix B.

It is noted that periodic oscillatory vane motion is desirable because the
aperiodic, critically** damped motion theoretically requires infinite time for the
displaced vane to return to its equilibrium, zero-displacement position. Periodic
motion provided with adequate damping, however, will enable the vane to swiftly
return to its equilibrium position through a few oscillations with rapidly
decreasing amplitude.

Results of linear theory furnish the following expressions for damping ratio,

* The study of vanes with short armlength is considered to be beyond the scope
of this paper.

** Or more than critical.




natural and damped frequency, and time response, respectively, for isolated
(single) vanes:

Damping Ratio:

1/2
3
aSrn

=1 () "

Natural Frequency:

1/2
1/2 /aSr
w, = 2nf, = (%) < 1n> U (2)

Damped Frequency:

= 2nf yﬁ_TTE?T (3)

wy = 2ﬂfd

Time Response:

In B /B
R
t, = 21— (4)
R an

From the above expressions the following appear:

(1) since 1 crﬁ (see Appendix C), the Tlinear theory, by eq. (1), predicts
that damping, for a specified vane size, shape and mass, becomes directly pro-
portional to the square root of the armlength (rn]/z) whereas the natural
frequency of the oscillation, by eq. (2) becomes inversely proportional to the
square root of the armlength (rn']/z). From this, it appears that if armlength
is considered the main variable, damping can only be increased at the expense of
frequency response. One may also observe that damping is independent of--while

frequency is proportional to--AIRSPEED.

(2) on the other hand, assuming a constant armlength and vane size, both
damping and natural frequency become inversely proportional to the square root
of inertia of the system. Thus both damping and frequency can be simultaneously
improved by reducing inertia to a possible minimum. This may be attained through



reducing mass by either employing lighter materials or by decreasing the thickness
of the material or both.

(3) damped frequency depends on both natural frequency and damping ratio
(see eq. (3)). Thus the experimenter generally recognizes that the observed
damped frequency decreases with increasing damping and vice versa.

(4) effects of damping and natural frequency combine in the time response
parameter (eq. (4)) which predicts the actual time required for the amplitude of
a damped oscillation to decrease to a certain preselected value. For example,
assuming BR = 0.0180, the quantity 2ﬂ1n(30/3R) = 29 approximately, thus
tp = 29/fn£.

In order to express time response in terms of design "constants" egs. (1),

" (2), and (4) are combined, resulting in

I
t, = const —w5—— (5)
R al/2 y sp 2
n
where

const = &gz— 1n(Bo/BR)

In a first approximation the secondary masses may be neglected. Thus for
the vane alone

tos —79 (5a)

It may be noticed that eq. (5a) appears to be independent of armlength.
Thus for a specified airspeed U, eq. (5a) predicts that 1ight vanes with high
lift-curve slope will yield the most satisfactory time response. However, where
the term I dincludes the inertia of both counterbalance and support shaft, the
expression is no longer free of armlength. Still, for optimum response the arm



needs to be the shortest possible in order to minimize inertia, and this may be
attained in practice by attaching the vane directly to the pivotal shaft of
oscillations (ref. [11]).

By multiplying time response with velocity one obtains the response length

vV VvV '
y, (5b)

which is a characteristic constant for a specific design configuration and
therefore is a convenient parameter, being independent of air speed.

As far as the stiffness of the vanes is concerned a design parameter can be
established from the simple theory of beams, assuming that the vane deflects only
under aerodynamic forces and its deflection follows the laws of cantilevered beams.

It is proposed to relate the deflection of the tip of a vane under consid-
eration to its semi-span and compare this with the stiffness of a rectangular
vane of the same semi-span and surface area. The relative deflection or the
stiffness parameter of a rectangular wing with assumed uniform loading

S _ _wb3
° = 6/27 T B4ET, (6)

where IA = Crtsllz. For non-uniform loading, such as the elliptical 1ift
distribution, the expression requires correction.

Clearly, the vane planform (shape) affects the second moment of the vane
at the root where the maximum bending occurs, thereby influencing the deflection
of the tip. For example, a vane with a trapezoidal planform of the same thickness
and surface area equal to that of a rectangular wing will be stiffer because its
section modulus will be larger at the root. The stiffness of the trapezoidal
vane, however, can be made equal to that of the rectangular vane by reducing its
thickness, thus making the vane Tighter.

Furthermore, the vane planform also affects damping because the 1ift curve
slope a = Cn/B is strongly aspect ratio-dependent as shown by experiments. In
particular, since the 1ift curve slope for rectangular and trapezoidal planforms
is about the same, for equal relative deflection the Tatter vane shape is
preferable to the former due to its lesser thickness.



TEST EQUIPMENT

Al11 experiments relating to aerodynamic characteristics of vanes were
performed in the windtunnels at 01d Dominion University.* More particularly,
these experiments were first concerned with force and moment measurements of all
the models under consideration. These were subsequently followed by separate
tests concerning damping and frequency. Finally, most model configurations
were also subject to determination of inertia.

(a) The force measurements included both the 1ift and the drag components.
The models were mounted to a calibrated strain-gage sting-balance system** which
was furnished by NASA Langley Research Center compiete with readout equipment.
The sting was supported by a support mechanism that allowed the angle of attack
to be varied between plus and minus 15 degrees, or between zero and 30 degrees.
The apparatus also registered moment about the point of support. The general
arrangement of the balance and readout equipment set up at the exit of the open
windtunnel is shown in Figure 1, while the sting and support mechanism set up
in the closed windtunnel is shown in Figure 2.

(b) The damping characteristics were obtained with the aid of a mechanism
that allowed the models to swing freely about a vertical axis. The models were
mounted in a vertical position to the downstream end of a Tight horizontal rod,
while the upstream end of the rod was provided with an adjustable counterbalance
for static balancing. With the aid of a potentiometer and amplifier, the
oscillations of the models were transmitted to a suitable recorder which printed
the motions graphically. A trigger mechanism was provided to enable the models
to be set initially at a desired offset angle in the airstream and then released
manually to oscillate freely about the axis. The general arrangement of this
apparatus is shown in Figure 3.

(c) For the moment of inertia measurements of the models, a small portable
horizontal turntable supported by a vertical shaft was employed. In order to
produce oscillatory motion a spiral spring with Tinear characteristics was wound
around the shaft and thus provided the returning torque. To minimize friction,
the shaft was guided by air bearings, to which the air was supplied from the

* In the first set of experiments the open-end windtunnel was employed, but
in subsequent tests the 3 ft x 4 ft (.914 m x 1.219 m) return circuit tunnel
was utilized.

** The balance support was specially designed for this project by the
investigators.
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compressed air system of the Engineering School, and the pressure was regulated
by a reducer as shown in Figure 4.

(d) Models tested may be classified into the following categories:

—t
.

Isolated (single) vanes

2. Bi-vanes (2 separate vanes)

3. Box-and-cone-vanes

4. Cruciform-vane configurations.

1. 1Isolated (single) vanes consisted of flat plates featuring various
planform configurations. They were made of .0625 in. (1.6 mm)-thick
hard aluminum with approximately 20 in.2 (.0128 m2) projected surface
area.* A1l models were provided with rounded leading and trailing edges.
Altogether 14 different configurations were tested with various aspect
ratios ranging from 0.5 to 5. Details of model configurations are shown
in Figures 5(a) and 5(b).

2. Bi-vane models consisted of flat plates arranged in pairs, each having
10 in.2 (.0064 m?) projected surface area and the same aspect ratio of
2.5. In one of the models the vanes were separated by a fixed distance
of 5.1 in. (.129 m) while in the other model the distance between the
vanes was variable. In the model with the fixed distance the vanes were
provided with hinges with the pivot situated at half chord distance under
the surface, and the angle of incidence of each vane could be changed
by turning the vane about its pivot. In the other model each vane was
fastened to an arm which could be rotated about a single pivot located
on the axis of symmetry. In both models the vanes could be aligned
parallel with the airstream, or could be offset to either form a
diverging vane pair known as a "diffuser" or a converging vane pair
known as a "contraction". As will be seen later, positive offset
angles denote diffusing configuration while the negative offset angles
refer to contracting stream. Details of bi-vane models are given in
Figures 6(a) and 6(b).

* Surface area of one side only.
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3. Box-and-cone-vane models consisted of vanes joined at their tips and
thus forming a continuous surface Tike the sides of an open box or a
cone. Since the trailing vortices were eliminated (due to joined tips),
the aspect ratio designated as being 2.5 in reality Toses its close
association with the theory of finite wings. Four cone-vanes, each
having approximately 5 in. (.127 m) mean diameter and 2 in. (.0508 m)
width were fabricated with enclosed angles of 0, 10, 20, and 30 degrees.*
These models were provided with cruciform supports as shown in Figure 7,
while the box vane, also shown on the photograph in Figure 6, was
provided with only a single vertical support. The cone and box vanes
were made of 0.04 in. (1 mm)-thick aluminum.

4. The cruciform-vane models were rectangular, delta, trapezoidal, and
sweptback planform each having 20 in.2 (.128 m2) projected area and
were made of 0.04 in. (1 mm)-thick aluminum, as shown in Figure 8.
These models were vanes tested first as flat vanes.

A1l of the models described above were fitted, in turn, to a small stream-
line-shaped adaptor about 2 in. (0.051 m) long, that was provided at one end with
suitable slits into which the models fitted, while a 0.25 in. (6.3 mm) hole was
bored into the other end of the adaptor. This end fitted over the sting balance
for the force measurements or over the downstream end of the shaft employed for
damping experiments.

The shaft employed for damping was a 1ight 0.25 in (6.3 mm) diameter
aluminum tube which was plugged at the upstream end, facing the stream, with
a streamlined fairing. A small moveable jockey weight was employed for counter-
balancing. During the experiments, shafts with trailing Tlengths ranging from
T in. (.025 m) to 21 in. (.534 m) in Tength were employed.

EXPERIMENTAL METHOD

A1l experiments were performed under steady flow conditions.
(a) Force Measurements

The model under consideration was carefully installed on the sting and
the leveling screws were adjusted until zero 1ift was recorded on the readout

* Half of the enclosed angle is referred to later as divergence (when positive).

12



equipment. After noting this position as the zero incidence angle, the airflow
was stopped. Subsequently normal and axial force, and pitching moment, were
recorded at one-degree steps of incidence angle, from zero to 15 degrees, with

no air flow present. These readings were necessary to correct steady flow values.
The air flow was then restarted and the same recordings were made of normal and
axial force, and pitching moment. Both in the open-end and closed tunnel, experi-
ments were performed with an airspeed of 66 ft/sec (20.1 m/sec). This procedure
was repeated for each model tested.

Extreme care was exercised during the tests to shield the sensitive strain-
gage balance from any excessive force. It was always protected by a covering
shield except while in use.

(b) Damping and frequency experiments.

The assembled model, with shaft and counterweight, was first statically
balanced about the vertical axis,* with the vertical axis set at a predetermined
distance from the vane aerodynamic center. The airstream was then established,
the recorder started, and the model allowed to trail freely.

In early tests of the single vanes the model was set to a desired initial
offset angle, then released and the oscillations recorded. Initial offset angles
consistently employed during the tests were 5, 10, or 15 degrees. In addition
to these angles, the model was also "plucked" at random angles and these
oscillations recorded. For all later tests involving the bi-vanes, box-and-cone
vanes, and cruciform vanes, approximately 10 degree offset angle was used.

Damping experiments were first performed primarily with constant-moment arm;
that is, the aerodynamic center of all models was at the same distance (rn) from
the vertical axis. A 5-in. (0.127 m) moment arm was used for each model when
practical. This resulted in a different moment of inertia for each model.
Subsequent tests were performed with various moment arms.

(c) Inertia Tests

Moments of inertia of the models were obtained by measuring the time of

* The vertical axis was turned into horizontal position for this procedure.

13



oscillations of the turntable. The moment of inertia included the mass of the
model, counterweight, and supporting shaft.

The models were first assembled with the supporting shaft and counter-
weight, and the assembly was subsequently placed on the turntable. Their
centers of gravity, which had been marked prior to the model being tested,
were located at the (vertical) axis of rotation. The spring constant of the
table had been obtained earlier, by measuring the oscillations of several
cylindrical steel rods for which the moments of inertia were calculated prior

to each test.

RESULTS OF EXPERIMENTS

Lift, drag and pitching moment coefficients were evaluated from the
measured normal and axial forces and moments for each model vane tested.

For establishing 1ift, drag, moment and aerodynamic center the following
procedures were used: the strain gage balance employed for the experiments
was designed to measure normal Fn and axial Fa forces as well as pitching
moment. With the measured normal and axial force the 1ift L and drag D

force respectively become

L=F co - i = i +
n CoS a Fa sina , D Fn sin o Fa COS o

and by definition the 1ift and drag coefficients become

c =-L

L% O

D

o
(%2} Lw)

Since the moment was measured about the balance center, a procedure was
adopted to transfer this to a moment about the leading edge. Accordingly, by
dividing the moment with the measured normal force the aerodynamic center
distance as measured from the balance center was located. Subsequently this
length was subtracted from the distance between the leading edge and the
balance center, hence the aerodynamic center A.C. measured from the Tleading
edge was established. This length is expressed as fraction of the mean the
chord XA.C./C’ and by definition, the moment coefficient about the

14




lTeading edge

o mc/c
M qs

The results of these tests are shown in Figures 9 to 23, in which
variation of CL, CD’ and CM with incidence is presented. Because of
some speed fluctuations present in the airstream, the data recorded show
some scatter, especially at lower angles of incidence. However, when the mean
values are plotted, the curves appear as fairly continuous lines, indicating

satisfactory consistency.

The damping coefficients were obtained from both calculations and direct
experiments. Strictly speaking both results are semi-empirical in nature and
employ experimentally obtained data for calculations. The calculated damping
coefficient for single vanes was obtained from eq. (1) where experimentally
obtained values were employed for both the 1ift curve slope a, and inertia I.
The experimental damping coefficient was evaluated with eq. A(9)* from the
oscillations recorded. The peaks were first read from charts that had been
made by the recording apparatus, and subsequently, a weighted peak-ratio
technique was applied to obtain a mean from the first three peaks recorded
after the vane was released from its initial offset angle position. The mean
was calculated from the "weighted" formula

30 + 285 + A3

Ay = z (7)

where Ay, Ar, A3 are the first three peak ratios obtained from the oscilla-
grams as shown on the accompanying sketch.

A8

——

Bo

¥ \\\\\ //;’—\\\\\\\\——//71’/'~\\\\\\§_ 5 time
Sy

Ay = By Ay = %% » A3 = %f
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Results on damping are presented in Figures 24 to 88.

Results of frequency are shown in Figure 29 where a sample of the
experimental observations is presented. Since all other results show a
similar pattern, they are presented more completely in Table II, where all
damping, frequency and response length data is listed.

The time response characteristic of some vanes is presented in Figures
30 to 33 where specific time response TR = 1/f,& is plotted against airspeed.

The location of the aerodynamic center A.C. from the leading edge, or
in the case of swept wings, from the leading apex, is shown in Figure 34.

Discussion of the Results
From the experimental observations, the aerodynamic performance of
various model wings may be assessed. Since all models were of equal surface
area (20 sq. in. or .0129 m2) and of equal moment arm (5 in. or .127 m) in

many instances, direct comparison between the models can be made.

Lift, drag and moment

As may be anticipated from three-dimensional airfoil theory, 1ift
characteristics and 1ift-curve slope (a) of single flat vanes appear to be
strongly affected by aspect ratio. A1l the curves show in Figure 9 a non-
linear relation between Tift-coefficient CL and incidence, o, accompanied
by the variation of the 1ift-curve slope dCL/da. While there appears some
similarity between the three sets of curves at low incidences, (in the range
0 <o < 8 degrees) a marked difference occurs at higher incidences. Naturally,
at low incidence angles, the 1ift curve steadily increases with increasing
incidence for all curves.

16



For the higher aspect ratio (AR # 5) planforms the 1ift curve slope
decreases after about 8 degrees and stall occurs at about 11 degrees for
models 1, 9 and 14. No stall is experienced within the test range with model
7, this being characteristic to swept wings, although some change in the 1ift
curve slope may be observed.

For the medium aspect ratio (AR % 2.5) planforms the largest variation
of the 1ift-curve slope appears at low incidences (in the range 0 <a < 4
degrees) and remains almost constant at higher incidences.

For the low aspect ratio (AR # 1) planforms the general trend for the
1ift curve slope is to increase with increasing incidence all the way through
the test range.

Since the theory is based on small oscijllations, the results obtained
over about half the test range (0-8 degrees) may be considered important,
while the other half (8-16 degrees) is of academic interest. While the 1ift-
curves are shown in Figure 9, some pertinent results also appear tabulated in
Table I where a comparison is made between theoretical and experimental 1ift-
curve slopes. It appears that the highest T1ift-curve slope is attained with
the AR %# 5 models and both the rectangular (#1) and elliptic (#9) planforms
yield about the same average dCL/da value (about 4.97 and 4.89, respectively)
over the first eight degrees of incidence.* The lowest 1ift-curve slope was
found to be about 1.6 for the delta-wing model (#12) with AR = 1, while even
the half-aspect ratio model (#8) showed a higher value, 2.12.

It is of interest to note that these experimental results are in fair
agreement with theory as predicted by the "1ifting-l1ine" theory for 1ift-
curve slope given by the result:

E_C_Lzz _._..__._.AR
da T2+ AR

However, they are generally in a surprisingly poor agreement with the corrected
formula

dCL A
—-— = 27 R
do. 2 + (E)AR

* The slope near origin is called the "initial" 1ift-curve slope, ag -
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where E is the semi-perimeter of the wing plan.

It is of some interest to note that variation of the Reynolds number
influenced the "initial" 1ift curve slope to some extent, but produced only
a negligible effect on the values averaged over the first eight degrees.

Results on drag (Fig. 10) indicate that the wing (#1) which produced
the highest 1ift also produced the highest drag; consequently, the lowest
drag of flat plates plays no significant role in the theory of oscillating
single vanes. However, drag forces are significant for bi-vanes.

The moment coefficient, of the vanes shown in Figure 11, follows the
pattern of the Tift coefficient and has application in locating the aerodynamic
center, hence establishing the moment arm.

Results of experiments on 1ift of bi-vanes is of considerable interest
as damping can attain high values with this type of design.* Since the model
employed had the same aspect ratio in all experiments, the only parameter was
the trim angle, that is the setting angle of each vane to the flow direction.
In one set of experiments the distance between the vanes was varied while in

~another set it remained constant.

It appears that the 1ift-curve slope becomes dependent on trim angle as
well as of incidence and it decreases with increasing trim. In fact, the
initial Tift-curve slope can become negative at origin or near zero incidences
as shown in Figures 12(a), (b) and 15. In addition, the Tift coefficient can
also vanish at some incidence different from zero, thus creating an additional
"equilibrium" position where no moment is developed. Depending on the oscilla-
tory motion the bi-vane may "hang up" at this position or return to its zero
equilibrium position. It was observed that this only occurred at trim angles
greater than 15 degrees.

The "hang-up" is, of course, due to the drag component significantly
adding to the torque. In the case of a single vane, the torque was computed
from a single moment of the aerodynamic force acting on the vane; however in
the case of bi-vanes the torque is the sum of four moments resulting from two
1ift and two drag forces acting on the vane pair.

* The experimental values far exceed the predictions by theory, see
Figure B3, p. 120.
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The drag of bi-vanes also depends on the trim angle and incidence as
shown in Figures 13 and 16. Generally, drag depends on trim angle for Tow
incidences; hence low drag is experienced with Tow trim angle and vice versa.
However, with increasing incidence the difference between the drag curves
gradually diminishes and from sixteen degrees upward, there appears no signifi-
cant difference between the curves. It is also of interest to note that at
low incidences the drag of the lower trim angles (¢ = 0, 5, 10) increases,
but this is not the case with the higher trim angles (¢ = 15, 20) when the
drag slightly decreases first with increasing incidence. The results-.are
substantially equal for both positive and negative trim angles.

The moment coefficients of bi-vanes represent a more complex pattern as
it obviously includes both 1ift and drag forces. For positive trim, Figure
14 (a), the rate of increase for ten degrees is the largest and for 20 degrees
is almost zero. At about eight degrees of incidence there appears a change
and the roles reverse, inasmuch as the zero trim angle curve begins to increase
more markedly while the ten degree curve tapers off. The 15 degree curve,
which appears first perfectly linear with incidence, has the highest moment
at ten degrees incidence and also above 20 degrees. (This may be of importance
when considering its high damping characteristics.) Between 18 and 20 degree
incidence the curves of the lower trim flatten out while the curves of
4 = 10, 15 and 20 degrees show increasing moment with incidence.

The results on moments markedly differ for negative trim angles (Fig.
15(b)}). Here zero moment occurs for ¢ = -20° at about 10 degrees of
incidence, thus locating the "hang-up" position. The ¢ = -5° +trim produces
markedly lower moments than the ¢ = +5° trim while the higher trim angles
produce remarkably poor results. Clearly, the negative trim configuration is
wholly unsatisfactory for bi-vanes with variable distance between the vanes.

Results on moments of bi-vanes with constant distance show similar results
(Fig. 17), notably, that negative trim angles produce results inferior to
positive angles. However, both the plus and the minus 20 degree trim show
"hang-ups" (the ¢ = +20° at about 4 degrees, ¢ = -20° at about 24 degrees
of incidence), which leaves ¢ = +10° that produces satisfactory moment.
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Results on T1ift for conical vanes (Figs. 18(a) and (b)) show satisfactory
values for +5° divergence as compared with zero divergence and with the
AR = 2.5 flat plate. However, for higher positive divergence (10 and 15
uegrees), the 1ift falls off considerably and for negative 10 and 15 degree
cone angles "hang-ups" occur.

Results on drag for conical vanes (Figs. 19(a) and (b)) show results
similar to those obtained for bi-vanes with the curves converging at higher
incidences and with the drag being about proportional to the cone angle at
Tow incidence.

Results on moments (Figs. 20(a) and (b)) are most satisfactory for zero
divergence, but gradually fall off and at 10 and 15 degrees divergence the
values are too small to restore equilibrium at Tow incidences.

Results pertaining to various "cruciform" configurations indicated satis-
factory 1ift and low drag for Tower incidences as shown in Figures 21 and 22.
The moment increased with incidence for swept, trapezoid, and delta planforms,
but was found rather flat for the rectangular model as shown in Figure 23. Since
"cruciform" models were made of two conventional planforms intersecting at right
angles at their axis of symmetry, the results obtained for 1ift, drag, and moment
are expected to generally be about the same value as if they were for single
plates. Experiments proved this to be correct even when the intersecting plates
were rotated by 45 degrees from a standing cross + to a tilted cross x orientation.

Damping and Frequency

For the various single vane models, the results for constant arm length
are presented in Figure 24, where dampﬁng ratio, &, 1is plotted against initial
offset angle, Bo’ in the upper half, and against air velocity in the lower
half of the page.

Similar experiments were repeated for the No. 1 model, using different
arm lengths ranging from 1 in. (.025 m) to 5 in. (.127 m) as shown in Figure
25. Additional experiments were performed using arm length from 7 in. (.178 m)
to 18 in. (.456 m), including the effects of counter weight size and shaft
length on damping; these results are shown in Figure 26.

The results for arm length less than 5 in. (.127 m) indicate a relatively
large scattering of the experimental damping ratio, while the calculated
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damping is presented as a single horizontal line because of its independence
of air speed and initial offset angle. The large scatter at lTow damping was
caused by the difficulty in obtaining accurate readings due to the slow
decrease in the amplitude of the oscillations.

Generally, the experimentally obtained damping ratio was found to be

higher than the theoretical prediction and at times the discrepancy between

the two exceeds 100%. In isolated instances, however, some experimental
points do fall near the calculated lines. As indicated in Figure 26, the
predicted values move closer to the experimental results with Tess scattering
as the arm length increases and will even become equal at a certain armlength.
At this Tength the experimental and theoretical (calculated) curves intersect
and with further increasing arms the experimental results fall slightly below
the calculated values. This discrepancy could possibly be attributed to the
bending of the rod at the larger armlength. The reason for the increasing
discrepancy between theory and experiment for short armlength is not fully
understood but is probably caused by the assumption of a single force acting
on the vane at the aerodynamic center. This assumption apparently holds well
for a long arm, but may fail for a short arm. Experiments show that for very
short arms the theory underestimates damping by a factor of almost four.

0f the single vanes tested models No. 1 and No. 12 yielded the best
average damping characteristics for a fixed armlength as shown in Table II(a).

Damping of bi-vanes increases with trim angles up to ¢ = 15° and, to
some extent, improves with decreasing armlength, as shown in Figure 27.
Results on bi-vanes with different vane thickness is shown in Figure 28 where
armlength is replaced by arm angle (see Appendix B, Fig. B2). It appears
that for both vane thicknesses optimum condition occurs at arm angle,
v = 40° and trim angle, ¢ = +15°. Average damping'va1ues for bi-vanes
are presented in Table II(b). The vane with lesser thickness (inertia), however,
produces the higher damping as may be anticipated from theory. Since damping
obtained by bi-vanes was found to be much higher than that of single vanes,
their application may be well worth consideration.

The results of damping for the box vane and various cone vanes with two
different armlengths are presented in Table II(c). It appears that damping
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ratio increases with divergence angle but remains substantially constant for
negative divergence (convergence) with best damping obtained at the 15 degree
angle at the Jonger armlength. '

The damping of cruciform vanes is listed in Table II(d) and the results
clearly indicate that a negligible difference exists between the two possible
orientation marked + and x. The results show that highest damping was
experienced with model 27A.

Frequencies were recorded for all experiments and were found to be in
accordance with theory which predicts a direct linear relation with air
speed and an inverse relation with armlength. Since all results show similar
characteristics, a sample result only is presented in Figure 29, while all
other results are Tisted in Table II. It is noted that no attempts were made
to predict frequency by theory.

Time Response

Since damping increases and frequency decreases with increasing armlength,
designers may face the problem which variable (or parameter) to choose as
their basis for design from the two alternative courses available. They may
find it impractical to design a vane that satisfies the demand for both
high damping and high frequency.

The present study shows that the third alternative, namely the time
response of the vane, which combines the frequency and the damping into a
single parameter, may be a satisfactory basis for design, especially for fast
response requirements.

It is shown [see Appendix A, Eq. A(15)], that the time required for a
vane to return to some specified fraction of its original offset is inversely
proportional to the frequency-damping product, and that the response time thus
becomes inversely proportional to airspeed. The plotted results appear fairly
consistent at all speeds as shown in Figures 30, 31 and 32. It appears that
a particular vane configuration which yields at some speed a certain response
time will also maintain its relation relative to other vanes and the curves
run consistently parallel or near parallel with each other.

For single vanes the effects of armlength and airspeed for No. 1 model
are clearly demonstrating the decreasing time response with increasing airspeed
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and decreasing armlength, as shown in Figure 30. For constant armlength,

Figure 31 shows the effect of planform on time response revealing a considerably
faster response for the higher and medium aspect ratio rectangular wings

(models No. 1 and 4).

Conveniently, rectangular wings can also be attached directly to an axis
of rotation* (like the "Richardson" vane; see Ref. [20]), hence its armlength
may be reduced to an absolute minimum which incidentally is the distance
between leading edge and AC. Therefore rectangular planforms may be selected,
from practical considerations, as probably the best choice. And while the
high aspect ratio wing has better time response the Tow aspect ratio wing
(AR =1 or 1/2) has the practical advantage of having the shorter side
attached to the pivotal shaft of oscillations (Ref. [20]).

For bi-vanes there appears a marked decrease of time response with
increasing trim up to ¢ = 15° and arm angle as shown in Figure 32. Here the
top four curves show the improvement in time response with increasing trim for a
constant 10-degree arm angle, while the remaining curves show the improvement with
increasing arm angle for the constant 15-degree trim. These results are again
represented in Figure 33 where time response is plotted against armm angle for
various airspeeds. These curves appear to have minima which all occur at
approximately 40 degrees arm angle. These results are considered satisfactory
and could be even further improved by varying the aspect ratio or the distance or
both between the vanes. Such efforts, however, were considered beyond the
scope of the present study.

Response characteristics of box.and cone vanes as well as the remaining
cruciform configurations are summarized in Table II where the results of all
vanes are also shown for convenience. The reason for this may be attributed
to the experience gained with single and bi-vanes which indicates that much
of the results can be effectively and indeed conveniently presented in tabular
form. More particularly the table also shows response length (last column)
which is defined as velocity times response time (see Eq. 5b). This is a
convenient parameter being independent of airspeed.

It_appeafs from Table II(c) that response length for the above models
also decreases with decreasing armlength. For the cone vane the optimum
response length was attained with the 5-degree divergence angle for the Tong arm.

* The axis of rotation is also the centerline of the shaft of oscillations.
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but with the 10-degree divergence angle for the short arm. For cruciform vane
configurations the best results were attained with model 27A for both the
short and long arm, followed by Model No. 26.

As predicted by theory the results indicate that the A.C. was indeed found
at a distance of quarter chord for some models, while for other planforms it
was found at different Tocation generally at a greater distance from the Tleading
edge, as shown in Figure 34. The results also show for most vanes an increase
of this distance with increasing incidence. Note that the location of A.C. is
a fraction of the mean chord ¢ given by the expression ¢ = S/b.

CONCLUSIONS

1. The experimentally obtained damping ratio for single vanes was found
generally higher than the values predicted from existing theory where experi-
mentally obtained 1ift-curve slope results were employed for the calculations.

2. Damping proved to be independent of airspeed and dependent on
armlength, in accordance with theory. However, the discrepancy found between
the experimentally obtained damping and calculated values appear to be
strongly influenced by armlength and for short arms the theory fails altogether.
This conclusion suggests a revision of the existing theory.

3. The tests show that rectangular single vanes with high aspect ratio
planforms and having long arm, and also swept or delta planforms, produce
high damping.

4, Natural frequency proved to increase consistently and linearly with
air speed and decrease with increasing armlength, in accordance with theory.
The frequency ratio was found highest for the high aspect ratio planforms
(mode1 1 and 9) for the same armlength and the Towest for the low aspect ratio
vane.

5. Since damping increases and frequency decreases with armlength it
would be impractical to design a vane that satisfies the demand for both
high damping and high frequency. Instead, to predict the most suitable design,
a single parameter embodying the combined effects of frequency and damping is
proposed either in the form of time response or response length. For single
vanes the fastest time response was recorded for the high and medium aspect
ratio rectangular planforms; in addition to these two, short response was also
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obtained in models 9, 10 and 14. Since response increases with armlength, for
fast response best results can be possibly obtained with the shortest arm.

6. Bi-vanes were found to produce high damping ratios and values well
in excess of single vanes were measured during the tests. However, performance
of bi-vanes was found to be critically dependent on trim angle as well as of
armlength (or arm angle) and optimum results, including response length, were
obtained with positive 15-degree trim and 40-degree arm angle (short arm but
not the shortest). Above 15-degree trim angle the bi-vane has a tendency to
"hang-up," that is to settle into a different equilibrium position from the
original prior to oscillations. Bi-vanes setup with negative trim angle proved
rather unsatisfactory.

7. Experiments showed that cone and box vanes were particularly sensi-
tive to divergence angle. Positive divergence produced satisfactory damping
and response length at the positive 15-degree divergence but negative divergence
(convergence) was found, as in the case of bi-vanes, unsatisfactory. Also for
these models response length decreased with decreasing armlength.

8. Results on damping of cruciform vanes indicate no substantial difference
between the orientation + or x. For the Tong arm the highest damping and
shortest response length was obtained with a "trapezoidal" configuration (model
27R) constructed:with No. 11 planform. For the shorter arm only a slight
improvement for the response length was noticeable.

9. Both damping and time response can be further improved by employing
Tight materials and/or by keeping the thickness of the vanes at a minimum.
Since stiffness of the vanes is also critical, there appears a conceivable
trade-off by employing such planforms which more effectively resist bending
(1ike a delta wing) although their response length might be somewhat less
favorable.
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TABLE I

COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL LIFT-CURVE SLOPES (dCL/da)

Experimentally
AR AR Obtained Mean for 2_3°
Model Aspect | Uncorrected | . _ Perim. Corrected Lift Curve Mean for |, AR 2 AR
Number | Ratio dCL/doc 2b dC, /da (dCL/da)o 8° "7+ AR T 72+ (E)AR
5.15, 4.81 | 5.04, 4.87
1 5 4.48 1.2 3,927 5.27. 4.75 | 5.04. 4.93 | Fair Poor
4.995 4.97
4.06, 4.01 | 5.04, 4.01
2 5 4.48 1.2 3.927 0 a8 e Good Poor
3 1 2.09 2.0 1.571 1.72 2.12 Good Poor
4 2.5 3.49 1.4 2.856 3.03 3°6§’62°51 Fair Very Poor
5 1 2.09 2.414 1.423 2-62333'12 2'23322'29 Fair Very Poor
6 2.5 3.49 1.814 2.403 2-92322'49 3'62362'66 Fair Very Poor
7 5 4.48 1.614 3.119 4'°é:7§'49 4'22323'29 Fair Very Poor
8 .5 2.50 3 1.79 2-55342'40 2'12315'06 Poor Poor
9 5 4.48 1.076 4.25 3-43393'35 5-12383°54 Fair Poor
10 2.23 3.31 1.499 2.623 1-7?:8%-83 2'9238§'75 Poor Fair
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TABLE I (contd)

Experimentally ,
AR AR Obtained Mean for §°
| 2n T AR 2% 5% (EVAR Initial Correlated With.
Model Aspect | Uncorrected | . _ Perim, Corrected | Lift Curve Mean for |, AR 2 AR
Number | Ratio dC, /do 2b dc, /do (dC, /da), g 2+ AR |T2F ()R
3,21, 3.20 { 3.38, 3.43
11 2.5 3.49 1.270 3.034 320 3°40 Good Poor
1.54, 1.72 | 1.66, 1,54 .
12 1 2.09 2.561 1.378 1.68 1.60 Poor Fair
1.54, 1.83 | 2.29, 2.18 . .
13 1.27 2.36 1.571 1.997 1,68 5’93 Fair Fair
14 5 4.48 1.38 3.528 3.72, 3.60 | 4.58, 2% 1 Good Very Poor




TABLE II

NATURAL FREQUENCY, DAMPING RATIO AND RESPONSE

(a) Single Vanes

LENGTH OF VARIOUS VANES

Response
Vane Armiength, Damping Frequency Ratio Length
Model No. rn(mg Ratio, ¢ fn/U (cycles/m) U/fnE(m)
1 .127 .123 0.174 46.7
2 — S . —
3 .127 .098 0.109 93.6
4 .127 112 0.160 55.8
5 .127 L111 0.114 79.0
6 .127 .098 0.154 66.3
7 .127 .102 0.170 57.7
8 .127 .084 0.120 99.2
9 .127 .109 0.179 51.3
10 .127 .118 0.157 54,0
11 .127 .099 0.168 60.1
12 2127 .126 0.114 69.6
13 .127 .104 0.114 84.3
14 127 .104 0.176 54.6
1 .051 .102 0.231 42.4
1 .076 .110 0.217 41.9
1 .102 .121 0.198 41.7
1 .203 .143 0.171 40.9
1 .229 .141 0.159 44.6
1 . 305 .161 0.138 45.0
1 .381 .170 0.129 45.6
1 .406 .174 0.120 47.9
1 .457 .172 0.111 52.4
1 .533 171 0.101 57.9
4 .376 .146 .1145 59.8
4 .251 .130 .1400 54.9
4 .190 .115 .1583 54.9
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(a) Single Vanes (contd)

TABLE II (contd)

Response
Vane Armlength, Damping Frequency Ratio, Length,
Model No. rn(mg Ratio, & f,/U (cycles/m) U/fng(m)
4 .122 .099 .1915 52.7
4 .102 .094 .2098 50.7
4 .076 .093 .2326 46,2
4 .058 .091 .2474 44.4
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TABLE II (contd)

(b) Bi-vanes, Const. Vane Distance (Model #18) 1.6 mm Thick

ResponSe

Vane Trim Armlength Damping Frequency Ratio, Length,

Angle, ¢ (°) rn(mg Ratio, & £, /U (cycles/m) U/fng(m)
.376 .119 L0917 | 9.6
.376 .126 .0975 81.4
10 .376 .149 .0934 71.9
15 .376 .220 .0640 71.0
0 .251 .104 .1118 86.0
5 .251 .121 .1195 69.2
10 .251 .132 .1149 65.9
15 .251 .198 .0841 60.1
0 .190 .097 .1315 78.4
5 .190 .105 .1422 67.0
10 .190 .126 .1436 55.3
15 .190 .224 .1092 40.9
0 .122 .078 .1628 78.8
5 .122 .091 .1745 63.0
10 .122 .118 .1825 46.4
15 .122 .233 .1458 29.4
0 .102 .070 .1821 78.4-
5 .102 .087 .1923 59.8
10 .102 .125 .2022 39.6
15 .102 .250 .1655 24.2
.076 .044 .1637 138.8
.076 .061 .1843 88.9
10 .076 .084 .1995 59.7
15 .076 .208 .1678 28.7
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(b) Bi-Vanes (contd) (Model #18A) 1 mm Thick

TABLE II (contd)

Response

Vane Armlength Damping Frequency Ratio, Length,

Trim Angle ¢ (©) rn(mg Ratio, & fo/U (cycles/m) U/f & (m)
0 .251 .131 .1423 53.6
5 .251 .142 .1494 47.1
10 .251 .167 .1507 39.7
15 .251 .251 .0837 47.6
0 .190 .120 .1620 51.4
5 .190 .129 .1713 45.3
10 .190 .149 .1861 36.1
15 .190 .241 .1195 34.7
0 .122 .092 .2058 52.8
5 122 .103 .2197 44.2
10 .122 .147 .2282 29.8
15 .122 .283 .1673 21.1
0 .102 .086 .2326 50.0
5 .102 .092 .2380 45.7
10 .102 .140 .2608 27.4
15 .102 .302 .2304 14.4
0 .076 .052 .1852 103.8
5 .076 .067 .2286 65.3
10 .076 .109 . 2487 36.9
15 .076 .262 .2112 18.1
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TABLE II (contd)

(c) Box (Model #20) and Cone (Models #19A, 21, 22, 23) Vanes

Response

Vane Trim Armlength Damping Frequency Ratio. | Length,

Model No. { Angle, ¢ (°) rn(m? Ratio, ¢ | f /U (cycles/m) U/fng(m)
20 (0) .251 .115 .125 69.5
(-15) .251 .157 .076 83.8
20 (0) .071 .046 .203 107.1
(-15) .071 .155 .125 51.6
23 (0) .251 .106 .1159 81.4
21 (5) .251 .123 .1226 66.3
22 (10) .251 .120 .0868 96.0
19A (15) .251 .174 .0649 88.6
21 (-5) .251 .096 .1073 97.1
22 (-10) .251 .065 .0550 279.7
19A (-15) .251 .099 .0403 250.6
23 (0) .071 .060 .1982 84.1
21 (5) .071 .090 .2170 51.2
22 (10) 071 .138 .1512 47.9
19A (15) .071 .128 .1557 50.2
21 (-5) .071 .076 .1946 67.6
22 (-10) .071 .071 .1266 111.3
19A (-15) .071 .100 .0796 125.6
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TABLE II (concld)

(d) Cruciform Vanes (Model #24, 25, 26, 27, 27A)

Response

Vane Armlength Damping Frequency Ratio, Length,

Model No. rn(m) Ratio, & fn/U (cycles/m) U/fng(m)
24+ .251 .105 . 1266 75.2
24 x .251 .102 .1186 82.7
25 + .251 .108 .1150 80.5
25 x .251 .104 . 1087 88.5
26 + .251 .119 .1311 64.1
26 X .251 .121 L1243 66.5
27 + .251 .129 .1288 60.2
27 X .251 .126 .1212 65.5
27A + .251 .132 .1302 58.2
27A X .251 .129 .1198 64.7
26 + .094 .075 .1892 70.5
24 x .094 .075 .1848 72.2
25 + .056 .078 .1860 68.9
25 X .056 .071 .1776 79.3
26 + .122 .102 .1946 50.4
26 X .122 .102 .1821 53.8
27 + .086 .097 .1812 56.9
27  x .086 .092 .1803 60.3
27A + . 068 .096 .2045 50.9
27A X .068 .093 .1960 54.9

NOTE: Symbol + or x shows relative orientation of vane surfaces.
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Figure 2. Sting balance located inside 3' x 4' closed wind tunnel.
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Figure 3. '
g 3. Apparatus set-up for measuring damping and frequency
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L@

Figure 4. Oscillating turntable set-up for measuring moment of inertia.
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i O S A
45° 3
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L i 2 s
)

3
Ti“—* b —~ .1b 76°
. }44, -
1 60°
(o
l 10
b
F— b —-J Table of Dimensions
Model | 1 2 3 a 5 6 7 8 9 ] 10 | 11 |1z |13 | 1a
bins | 10 | 15 | 4.47 | 7.07 | 4.47 | 7.07 | 10 |2.25| 10 |68 |7.1 |4.47 502 | 10
m | .254 | .381 | .113 | .179 | .113 | .179 | .254 | .057 | .254 | .172 | .180 |.113 | .127 | .254
cins | 2 3 | 4.47 | 2.83 | 4.47 | 2.83 | 2 | 4.5 | 2.55 | 5.88 | 4.45 |8.94 | 5.02 | 2.25
m | .051 | .076 | .113 | J072 | .113| .072 | .051 | .114 | .065 | .149 | .113 |.227 | .127 | .087
Tins | 2 3 | 4.47 | 2.83 | 4.47 | 2.83 | 2 | 4.5 .| 2.00 | 2.94 | 2.85 |4.47 | 2.00 | 1.976
m | .051 | .076 | .113 | .072 | .113 | J072 | .051 | .174 | .051 | .0747{ .0725].113 | .051 | .0503
AR 5 5 1 | 2.5 1 | 2.5 5 | .5 5 | 2.23 | 2.5 1 | 1.27 | s

(a) Numbers underlined inside configurations refer to the model numbers.

Figure 5. Test Wing Planforms of Flat Plates
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Figure 5(b). Photographs of flat plate vanes.
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Model ‘ '“ﬁ@“‘ DIMENSIONS:

#18A I ins m
AIRFLOW Y 5 .127
c 2 .051
}éﬂ; . d 5.1 .1295

- by 5.6 .142

by 4.6 .117

‘ — 4

cl b — -
Model #16 459 : 1
AIRFLOW
(XX}
—
= h
=< - H— ¢
P,
<
1
|,
C
Model #28A
— —-b-l. U2
15°

(a) Model Specifications
Figure 6. Design details of bivanes (18A, 16) and of the boxvane (28A)
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Figure 6(b).

Photographic details of bivane models including a "V" vane
and a "box" vane.
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b, ins 5 5.4 | 55 | 5.5
m .127 .137 .140 .140
b, ins 5 5 4.8 | 4.5
m .127 .127 .122 .114

(a) Side and Front Elevation

Figure 7. Details of Cone-Vane Models.
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Figure 8
. Photographs of cruciform vane model
els.
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Lift Coefficient, C

- Symbo1l Model No. Aspect Ratio
A - 5 1
8 .5
o 12 1
-~ o 13 1.24
P-
. — ! 1 L 1 . ] !
0 ' 4 8 12 - 16

. Angle of Incidence, a, Degrees
(a) Results on Models 3, 5, 8, 12, 13

Figure 9. - Variation of Lift with Incidence of Flat Plate Models
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Lift Coefficient, C

1.

'sym501

Model No.  Aspect Ratio
O . 4 25
A 6 ' 2.5
0 10 | 2.23
O 11 2.5

L 1 L. N | A

8 12
Angle of Incidence, a, Degrees

(b) Results of Models 4, 6, 10, 11

Figure 9. - Continued
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Lift Coefficient, C
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2

Aspect Ratio
1 5 :

SymboT ‘Model No.
O
A 7
(] 9
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{ 1 1 i
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(c) Results on Models 1, 7, 9, 14

Figure 9. - Concluded
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Drag Coefficient, C

1.

0.

0
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.6

.4

Symbol Model No. .
@) 3
_ A 5
O 8
<& 12
B O 13

Angle of Incidence, o, Degrees

(a) Results on Models 3, 5, 8, 12, 13

Figure 10. - Variation of Drag with Incidence of Flat Plate Models
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Drag Coefficient, C

D

- Symbol

Model No.

O
A
] O
<&
n
|

4
6
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11

16

Angle of Incidence, o, Degrees

(b) Results on Models 4, 6, 10, 11

Figure 10. - Continued
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Drag Coefficient, C

Symbol Model No.
@) 1
A 7

O 9
O 14

! | | i i | 1 J

] . 8 12 16
Angle of Incidence, o, Degrees

(c) Results on Models 1, 7, 9, 14

Figure 10. - Concluded
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Moment Coefficient, C

1.

0.8

0.4

0.

2

Symbol ‘Model No,
o 3
= O 5
< 8
A 12
- o 13

P BT
Angle of Incidence, a, Degrees

(a) Results on Models 3, 5, 8, 12, 13

Figure 11. - Variation of Moment Coefficient with Incidence for
Flat Plate Models
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Moment Coefficient, C

Symbol Model No.

@)

<
A

4
6

10
11

] L i ] |

4 8 12

Angle of Incidence, a, Degrees

(b) Results on Models 4, 6, 10, 11

Figure 11. - Continued
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Moment Coefficient, C
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Symbol Model No.
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O 9 f
A 14
{:)
2 O O—O—
0,
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L
0,
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0. ,,. “—
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Angle of Incidence, o, Degrees

(c) Results on Models 1, 7, 9, 14
Figure 11. - Concluded
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Lift Coefficient, CL

1.0

0.8

0.6

0.4

0.2

Symbo1 Trim Angle
O 0°
O 5°
<> 10° ' ,‘1;r-—‘3l.~‘<> 9.
A 150 /6 T -O- O~
O 20° !
) Single Vane ,I,d

Model #4

L

8 16 24

Angle of incidence, a, degrees

{a) Positive trim angle +¢

Figure 12. Variation of Tift with incidence and trim angle
for bivanes with variable distance between vanes.
Model 16.
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Lift Coefficient, CL
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O 0°
. ‘!’ _50
O ~-10°
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()] ~20°
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!
fo
/
O
C
/
1759,
/
/
()
>
A
A
A 1 i 1 1 L
8 a 16 24 32
a .
n Angle of incidence, o, degrees

(b) Negative trim angle - ¢
Figure 12. - Concluded
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Drag Coefficient, CD

e
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o
(o]
—

Trim Angle

OO
50
10°
15°
20°

ODD>OOO

Single Vane #4,
AR = 2.5

16

Angle of incidence, o, degrees

(a)

Figure 13. Variation of drag with incidence and trim angle
. for bivanes with variable distance between vanes.

Model 16.

Positive trim angle +¢
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Drag Coefficient, Cp

S

~nN

Symbol

Trim Angle

ODDPCOo

0°

-5o
-10°
-15¢
-20°

Single Vane,
AR = 2.5

|

Angle of dincidence, o, degrees

16

(b) Negative Trim angle
Figure 13. - Concluded
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Crm

Moment Coefficient,

Symbol Trim Angle +¢

- O 0°
O 5°
O 10°
T A 15°
0 20°

= Q Single Vane #4,

AR = 2.5

s

8 16 24 32
Angle of incidence, ¢, degrees

(a) Positive trim angle

Figure 14. Variation of moment coefficient with incidence
and trim angle for bivanes with variable distance
between vanes. Model 16.
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Moment Coefficient, CM

1.0 [
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00
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(b) Negative trim angle -¢

Figure 14. - Concluded
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1.0

Lift Coefficient, CL

Symbol

O>DO GO

Trim Angle ¢
00

16 32

Angle of incidence, o, degrees

Comparative curves for positive and negative trim angles

Figure 15. Variation of 1ift with incidence and trim angle for
bivanes with constant distance between vanes. Model 18.
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Drag Coefficient, CD

Symbol Trim Angle ¢

Angle of incidence, «, degrees
Comparative curves for positive and negative trim angles

Figure 16. Variation of drag with incidence and trim angle

for bivanes with constant distance between vanes.

Model 18.
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Figure 17.
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Comparative Curves for Positive and Negative Trim Angles

Variation of moment coefficient with incidence and trim angle for
bivanes with constant distance between vanes.
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Anglé é of

1-0_; Symbol Divergence Model #
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(a) Diverging Cones
Figure 18. Variation of 1ift with incidence and angle of divergence for

conical vanes.
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Lift Coefficient, CL
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1.0 B Symbol Divergence Model #
O -15 19A
0O -10 22
A -5 21
O 0
8 0 Flat Plate
AR = 2.5
6
AR
AIRFLOW
2 >
L
: ' 1 | ]
8 : 16 24 32
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(b) Converging Cones

Figure 18. - Concluded
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Drag Coefficient, CD

-

1.0m Angle ¢ of

Symbol  Divergence Model #

) 15 19A
" o 10 22
A 5 21
O 0 23
5] ot
0 Flat Plate 4
AR = 2.5
-

ATRFLOW
—_—

l i I i 1 f | 1
8 16 24 32

Angle of Incidence, o« , Degrees
{a) Diverging Cones

Figure 19. Variation of drag with incidence and angle of divergence for conical
vanes.
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Drag Coefficient, CD
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0O -10 22
A -5 21
o 0 23
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(b) Converging Cones

Figure 19. - Concluded
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Moment Coefficient,
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Symbol Divergence Model #
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Figure 20. Variation of moment with incidence and angle of divergence for conical

vanes.
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(b) Converging Cones

Figure 20. - Concluded
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Symbol Vane Planform Model #
1.0 O Rectangular 25
O Swept 24
L O Delta vane 26
FAN Trapezoid 27
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Angle of Incidence, o« , Degrees
Vanes in "cross" position (+)
Figure 21. Variation of 1lift with incidence of cruciform vane configurations.
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Drag Coefficient, CD
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Symbol Vane Planform Model #

@) Rectangular: 25
B O  swept 24
O Delta 26
= A Trapezoid 27

0 8 16 24 32

Angle of Incidence, o , Degrees
Vanes in "cross" position (+)

Figure 22. Variation of drag with incidence of cruciform vane configurations.
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Vanes in “cross" position (+)

Figure 23. Variation of moment with incidence of cruciform vane configurations.
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(a) Model 1, AR=5
Figure 24. Variation of Damping Ratio With Initial Offset

Angle and Air Velocity. All models tested with
constant arm length r, = 5 ins (.127 m)

except as stated otherwise.
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Figure 24. Continued.
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Figure 24. Continued.
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Figure 24. Continued.
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Figure 24, Continued.

78




Damping Ratio, &

Damping Ratio, &

0.]5 G =
O
0.10 F g% <> g%
A{Calculated O] <>
)
0.05 P Air Velocity
O-16 ft/s 4.9 m/s
A -32 9.8
{1-4s8 14.7
C-64 19.6
0 1 1 .
0 5 10 15
Initial Offset Angle, Bo , degrees
0.15 —
V)
0.10 | « %
B S <O
- =
o
0.05 | Initial Offset Angle
O- 5e
A —-10°
E\J—15°
{>-Random Offset Angle
0 4i? 9,8 14.7 19,6 m/s
0 16 32 48 64 ft/s

Alir Velocity

(f) Model 7, AR=5

Figure 24,
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Figure 24. Continued.
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Figure 24. Continued.
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Figure 24. Continued.
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Figure 24. Continued.

83



Damping Ratio, £

Damping Ratio, £

0.15

A
0.10 L 0 é? gg
a <
Calculated
0.05 4
Air Velocity
O —16 £t/s 4.9 m/s
A -32 9.8
—48 14.7
—~64 19.6
0 2 1 1
5 10 15 :
Initial Offset Angle, Bo , degrees
0.15
A © A
0.10 8 é B
0.05
Initial Offset Angle
. — 5°
S =10°
E]—15°_
0 Q}.—-%Random Ofgfget Angle 14.7 19l.6m/s
N 32 — 48 64 ft/s

. Air Velocity

(k) Model 13, AR=1l,27

Figure 24. Continued.
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Figure 24, Concluded.
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Figure 25, Variation of damping ratio with initial offset

angle and air velocity for Model No. 1 for
various armlength.
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Figure 25. Continued.
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Figure 25. Concluded.
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Figure 26. Variation of damping with armlength averaged for four
airspeeds. Comparison between calculated and experi-

mental values of Model No. 1.
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Figqre 27. Variation of damping ratio of Bi-Vanes with trim angle ¢ for

various armlengths.

VARIABLE VANE DISTANCE

90




g

Damping Ratio,

.30

.10

Trim Symbol : Symbo1
For r._ =9 ins For r_ =18 ins
: n n
o+ O O
$- | A

1 1 . |

5 10 15

Trim Angle, ¢ , Degrees

(b) Positive (¢+) and negative (¢-) trim angle (comparison)

Figure 27. Concluded.
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(a) Thick vane t = 0.0625 ins (.0016 m)
Figure 28. Variation of damping ratio of Bi-Vanes with trim angle for various

arm angles (y).
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Figure 28. Concluded.
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éav%t/s '

Figure 29. Variation of natural frequency of a single vane with AR = 2.5
with airspeed as affected by armlength.
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Figure 30. Variation of time response with airspeed for a single vane (AR = 5,

No. 1 model) as affected by armlength o
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d Rectangle 4 2,5
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I
|
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b re

10 IENT: 20 25 | s |
S S Y MO SR M S
10 15 20 30 40 50 60 mph

Airspeed, U

(3]

Figure 31. Variation of time response with airspeed of single vanes with
constant armlength as affected by planform and aspect ratio.

* In all other figures the large counterweight was employed.
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Figure 32. Variation of time response with airspeed for Bi-vanes as

affected by arm and trim angle (y and ¢) and_Fhickngss.
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< /.".
R ins(r )
T R .__|___i.__. n
\ 'I , I T ¥
15 20 32 40 57
Arm angle, vy , Degrees
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of bi-vanes as affected by airspeed.

Constant trim angle ¢ = +15°
Vane aspect ratio 2.5




T

XA.C.

Aerodynamic center as fraction of mean chord,
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Figure 34. Variation of aerodynamic center with incidence.
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APPENDIX A
BRIEF REVIEW OF LINEAR THEORY FOR ISOLATED WIND VANES

The oscillatory motion of a wind vane exposed to an airstream may be com-
pared to the motion of a mass connected to the well-known mechanical spring
and dashpot system, Fig. Al (a). In the latter case, the mass displaced by
distance x 1is returned by an active spring force FS which is considered to
be proportional to the displacement x:

Fo = -kx

where k is the spring constant. A passive force Fd » called damping, is
generally assumed to be proportional to the velocity:

dx

=-d 3t

Fd
where d 1is the damping coefficient.

By Newton's Second Law, for dynamic equilibrium the forces must be balanced
by the time rate of change of the momentum, hence,

_ _d2x
Fo + Fg =gqg (W) =m g2

Q.IQ.
pars

Substitution for Fs and Fd results in a differential equation

d?x dx - _
mH—+dﬁ+kx-0 A(1)

Assuming a solution of the form x = eSt , it follows that

(ms2 + ds + k) eSt =0

The roots of the bracketed term

- d d\> &k
512‘[‘?5* m) 'ﬁ]

furnish the general solution

X = Xo exp ([sl + 5] t)
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where x = xo , when t = 0.

Critical damping is defined by the condition

d \2 k_
O

which yields the relation between critical damping coefficient and spring
constant

Similar reasoning can be applied to the motion of an 6sci]1atin§ wind vane.
A vane is generally a flat plate of some plan configuration which is mounted to
one end of a pivoted lightweight arm, while at the other end of the arm some
counterweight is mounted for static balancing, Fig. Al (b). When exposed to an
airstream moving with Ve]bcity U , the vane is free to swing about the pivotal
axis. If the vane is initially set at an angle to the airstream and released,
the resulting motion is generally a damped oscillation.

The vane experiences an aerodynamic force which may be resolved into two
components: a force Fn normal to the vane surface acting at its center of

pressure, and Fa » a force acting parallel with the surface. If the vane sur-
face lies in the centerline of the arm, the force Fn is also normal to the

arm and is at ry arm-length distance from the pivotal point.

When the vane is rotating about the pivotal point, the incidence angle B
changes with time and the vane assumes a velocity normal to-the arm

Vn =r. dg/dt. From the vectorial addition of U and Vn there results a

relative velocity Ur » hence the relative angle of incidence By enclosed

between the relative velocity and moment arm, Fig. Al (c), is given by the rela-
tion
dg

Using +r_ -
= -1 n dt
Br tan Ucos B

For small angles of incidence tan s~ g8 and cos B ~1 , hence
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When the vane is displaced from its center of equilibrium, the normal
force F

produces a returning torque Fnrn and under dynamic equilibrium
condition

_ 1 d%8
'Fnrn =3z
where 1

is the moment of inertia of the oscillating mass system.
A unit angle torque is introduced
rnFn

.Br

N =

which, upon substitution, yields

d
-Ng_ = -N B+r"a—%=1_‘£§
Br U dt

Upon rearranging terms, the oscillatory motion of the vane is described by the
differential equation

d2g . Ny dg )
Id—tz"f'—U‘-H'PNB_O.

A(2)
Properties of vane motion, such as damping, frequency and time response will
now be discussed in turn.

I. Damping

In comparing equation (2) with equation (1), it appears that the mass is

replaced by moment of inertia I the damping coefficient d by the term
Nrn/U » and the spring constant k by the unit angle-torque N .
damping of the vane

By introducing
Nr

_'n
D=

the general solution of equation (2) may be written in a form similar to the
solution of equation (1) "
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B =B, exp ([sl + s5] g)

where

D D\2 N |
S12=|-37*% ('é'f) - T A(3)

and the initial displacement angle B = B8y, when t =0.

Critical damping is defined by the condition

D2 N_ ..
(-t

hence

D=D.=27IN

C

For subcritical damping

DY\ N
(b -

hence
D . N 2
Si,2 = |- 37 *i¥T- (%T) A(4)
where j =Y-1 . By the identity et = cos 0 + j sinoe ,
D
“ort .
B = B8 {(cos wt + j sin wt) + (cos wt - j sin wt)}
'%Tt
= B,e 2 cos wt A(5)
where
N D \2
w = —I—-(_ZT) A(5a)

is considered angular frequency of the damped oscillations.

One criteria of vane effectiveness is. the .rate.of diminishing amplitude of
oscillations. This is expressed by the damping ratio

-2
c
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Upon substitution for D and Dc one obtains

r N r
= b o h ‘[ﬂ
5= Ll/Ag NI =20 V1

For evaluation of the damping ratio two procedures are open: either (a) to
obtain N from aerodynamic force measurements on the vane; or (b) to measure
the actual damping of the oscillatory motion.

Procedure (a). The aerodynamic force Fo normal to the moment arm is
generally expressed as

= 2
Fn Cn (1/2 pU2) S

With this value the unit angle torque becomes

Fnrn Cn
N = = —1/2 pU2S r_ .
Br n

(]

n
By

r, [1/2a oU%r, ards C
£ = —'I—"=k1 i ) A(G)

where k; = 1/2 v(1/2)p . Equation (6) is employed to obtain the calculated
damping ratio. For this calculated value of & it appears that the damping
is practically independent of air speed because the variation of a with air-

Introducing a =

=

N
(el

speed is relatively small.
In evaluating a the usual procedure is to substitute for C_~ the 1ift

coefficient CL and for B the angle of incidence o .

Hence
bl
a Br 2 =

Since for small angles of attack the 1ift curve slope of each surface employed
for the wind vane is practically constant, we may write
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The value of a may be obtained from aerodynamic tests on vanes.

Procedure (b). For damping to be established from experiments, the vane

oscillations must be first recorded. The experimental damping ratio & then
may be obtained from the decrease in amplitude of the oscillations.

Concerning damped oscillations, the envelope to the amplitude of peaks of
oscillations is obtained from the critical condition. In this case the amplitude
of the oscillations decreases logarithmically,

-D
B = Boe 21 A(7)

Counting the time lapse At between two consecutive oscillation peaks of
the same sign, n and n + 2

With this value

2m

N (D)?
T~ \2T

Since for critical damping D = ¢D_ and D_ = 2 VIN , upon substitution

= D_
B2 T Bp {8XP |- 7T

the amplitude "ratio" of oscillation between two consecutive peaks of the same
sign becomes

8
h = 2+2 = exp |- —2TE—
n vl - &2

The symbol h 1is frequently referred to as "overshoot."

Between any m consecutive peaks the formula becomes
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n+m _ mng
= _ Mg A(8
exp g VT 522 (8)

where m=1, 2, 3, . . .
The damping ratio may be obtained by solving equation (8) for £ . Denoting the

reciprocal of the overshoot %—, then

1 n
In==4A_ = 1n
h m Bn+m
one obtains
A = mng
m vyl - g2 °

Solving for & yields the experimental damping ratio

A
_ m
N ey vl A(9)
m
II. Frequency

The frequency of oscillations is of considerable interest. By Eq. A(5a),
for damped oscillations the angular frequency

2
ag = J% - (—BT) A(10)

Setting D = 0 one obtains the natural angular frequency of undamped oscillations

o, = (—"I-) A(11)

With the relations

2n
w,y = 7 = 2nf
d td d
and
2
w. = == 2nf
n tn n

one obtains from Egs. (10) and (11)
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tn fd D2

_ = =1__..._

d fn
Substituting D = gD, and D. = 2 YIN , and by combining Eqs. A(10) and A(11)
the relation between natural and damped frequency becomes

f
d
=—9 _ A(12
fn Y1l - gE ( )
Natural frequency may be expressed in terms of vane design. Substituting

N = a.(%-p U2) Srn into Eq. A(11), one obtains

ar, S\:
f o=k u( L ) A(13)

- P
k2_2v/§n'

Equation A(13) is employed to obtain the calculated natural frequency. From this
calculated value of fn it appears that the natural frequency is directly

proportional to airspeed.

In practice, the natural frequency may be directly obtained from the
expression*

£ o= 1
n = At (6 - 2.27E)

A(14)
where both At and £ are obtained from the recorded graph of oscillations.

ITII. Time Response

The time lapse counted for the oscillations to decrease from By at t =20
to some specified Br at tR is the time response of the vane. This parameter

* MacCready and Jex [2] recommend the use of (6.0 - 2.4t) derived graphically,
analytical derivation yields (6 - 2.27t).
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is extremely useful when comparing the performance of vanes.

Vane response time in terms of damping and natural frequency may be obtained
from the envelope of the amplitude peaks given by the expression

= _D_
B = By €Xp < 51 t)

D

n2=2-t
R 2L R

With D = g2 /NI

B
0 _ N
In q— EJ-I_tR

Since natural frequency fn =-%; -% » the time response becomes
B
n -2
B
R anng
. . 1 So . .
Considering that 2;—]n B is a constant, say K3, time response becomes

R
inversely proportional to the product of natural frequency and damping

t, = k2 A(16)

For comparative purposes, assume that Kz = 1, thus one obtains the "specific"
time response '

=1

Combination of Eqs. A(6) and (13) with (16) yields

v 1l I
ty = K <5—;;5—§> A(18)
where
. K3
K=K,
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Thus for a specified vane design response time appears to be inversely propor-
tional to airspeed, tp« u-t .
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Fig.Al - Schematic Diagrams pertaining to theory of wind vanes

exposed to an airstream
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APPENDIX B
DYNAMICS OF BI-VANES

Consider a pair of vanes, referred to as a bi-vane, consisting of flat
surfaces, suitably mounted to an arm which is free to swing about a pivotal
axis P as shown (a) on top of Figure Bl. Here the vanes and the arms are
shown to be aligned parallel with the airstream U , and the distance d
between the vanes is split into equal halves so that each vane is located at
d/2 distance from the system centerline. Since the vanes are hinged, they
can be turned inward or outward, usually with equal vane setting "trim" angle
¢ . When turned outward +¢ and when turned inward -¢ angle will be
indicated. For each vane, the aerodynamic center AC 1is considered at quarter-
chord from the leading edge. The aerodynamic moment arm Rv » that is the

distance located between the aerodynamic center AC and the pivot point P ,
encloses the angle y with the flow direction as shown (b) in the center of
Figure Bl, where for this illustration both vanes are turned outward by an
angle -¢ from the flow direction.

In neutral or equilibrium position the system centerline { aligns
parallel with the airflow and the aerodynamic forces, acting on the vanes,
balance out. When, however, the system centerline Q is displaced by an
angle B from the flow direction, as shown (c) on bottom of Figure Bl, the
contribution of torque of each vane becomes unequal resulting in a net torque
that will produce some damped oscillations when the vanes are "set free" from
an offset position.

In the case of bi-vanes, in addition to 1ift, the drag forces also develop
torque, hence for the vanes A and B , and with the notation shown (c) in
Figure Bl, the net torque about P (positive if anticlockwise) is given by

T=Fala-Figlg~Fpa~ % *Fpg- %
where

FLA Ly = Cla 9 SR, cos(y + B)

Fig LB =Cpgas R, cos(y - B)

m




= Cpp 9 S R, sin(y + 8)

DA

Fap 2

ps *g = Cpp 9 S R, sinly - 8)

are the torque components and
S = projected surface area of one vane.

Upon defining a torque coefficient, averaged for the torque components

one obtains

E; = C p cos(y +8) - Cp cos(y - B) - Cpp sin(y + 8) + Cpp sinly - 8)  B(1)

Assuming that the vanes were not affected by multiplane interference, then
the values of both CL and CD could be obtained from the experimental values

of Tift and drag coefficient of isolated flat vanes. However, this assumption
did not bear out as the vanes were indeed affected by each other and the
coefficients must be calculated accordingly.

In the "“neutral" arm position when g = 0, each vane inclines to the flow
direction by equal ¢ ; when, however with B8 # 0 , A vane becomes inclined
to the flow direction with the angle ap=¢ -8 while the B vane becomes
inclined to the flow direction with the angle ag = ¢ + B .

Let ¢ be specified and B be varjable. As B increases one vane
experiences increasing 1ift, while simultaneously the other experiences decreasing
lift. Similar considerations apply to drag also.

Thus, for a B displacement, the simultaneous incidences at which the 1ift
and drag coefficients of the vanes must be found from the CL and CD versus
o curves, are

aA=¢-B:
and
aB=¢+B

resulting in 1ift and drag coefficients of the A and B vanes respectively
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= » C =
LA LaA DA

Cp=¢C

LB s Chp=2C

La DB

B

In the case the vanes are set parallel with the stream ¢ =0, o = ap =ag = B
thus

LA~ “LB ~ “La
and

Chp = Chp = C

DA DB Do
In this special case Equation {Bl) reduces to

E& (B) = 2 COSY(CLa cosg + Cp sing) (B2)
Curves of f; plotted against B angle are shown in Figure B2, where the vane
setting angle ¢ and the angle y are parameters. Values of CL and CD
for vanes A and B were read off at angles ¢ + 8 and ¢ - B .

As in Appendix A, let unit angle torque* be defined as

FV RV _C—V
N = B = E— QSRV

Thus damping ratio becomes

R C SR
\ v v
: ?U\KB_) (1/2 U%) 1=
C / R3
v \
% (B) I/8 (B3)

and Rv .

* Note change of notation of Cn and " to Cv
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Various plots of calculated values of (E;/B) against B8 are also shown

in Figure B2 with the vane trim angle ¢ and the arm angle vy again used
as parameters. Since the curves show considerable variation of (E;/ﬁ) with

B , the assumption of N being constant does not hold genez’dlly for bi-vanes.
It holds only for ¢ =0 ,» if B is not exceeding 4 degrees. Therefore, the
necessary condition for linear theory to hold is not satisfied and the experi-
mental results bear this out.

For vanishingly small angles of (E}/B) write Equation (B3)

dC, R3
a==1~é;:‘ﬂzﬁg>*\fi%§- (B4)

dC,
In order to obtain the slope of the curves aE!- at B =0, differentiate

E& with respect to 8

aC, _ dc, . dCyp
W= -CLA sin(y + g) + dp cos(y + ) - _CLB sin(y - 8) - dg cos(y - 8)

dCpp . dCpp .
+ -Cpp cos(y + B) - dz sin(y + 8) + -Cop cos(y - B) + & sin{y - B) .

With B > 0 , the 1ift and drag coefficients at ¢ 1incidence become

C,o=C,p=C

LA LB Le
and

Cpa = Cpg = €

D¢ °
Further, since ap =¢ - B and ap = ¢ +8 , one obtains: d“A = -dg ,

daB = +dg , hence

dC. dC dC
ARAA I in v - L9 - in v - L9
( 3 ) CL¢ sin vy daA cos y - C,, siny d“B cos vy

Lé

dC dC
- Do .. _ Do _.
CD¢ cos y + HEKQ sin v CD¢ cos y + HEE_ sin y
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Upon collecting terms, changing signs, and dropping the subscripts A and
B, one obtains the slope of the E} curves at B = 0 for Zwmwardly turned vanes

(¢-)

dC. dc dc
- —\.I_ = .—l‘i - i _Di -
(dB )B=0 2c0s vy [da- + CD¢] 2sin y [da Cch]

It may be shown that for outwardly turned vanes (¢+)

dC. dC dC
{_v = __Lo ; _D¢ _
(dB )B=0 2cos Y[da + CDJ + 2sin y [da CL¢] (B5)
For parallel vanes (¢ = 0) since both dCD¢/da =0 and CL¢ = 0, Equation

(B5) reduces to

dC. dc
v _ LO
'(F)B=0 = 2cos ¥ [da * CDo] (B6)

where dCLO/da is the 1ift curve slope and CDO is the drag coefficient at

o =0 . The negative sign signifies the decrease in E; with increasing B8 .

Curves of calculated (df&/d8)6=0 against vane setting angle ¢ are

plotted in Figure B2 where y is used as a parameter.

It appears from Figure B2 that the curves peak at about ¢ = 6 degrees and
are a strong function of the arm angle vy . While these curves show a similar
pattern for ¢ = 0, 5, and 10 degrees, a markedly different curve appears
when ¢ attains 15 degrees. It is noted that as far as 1ift is concerned
all values shown in Figures B2, (a), (b), (c), and (d) were calculated with the
experimentally obtained 1ift coefficients (shown in Figure 15) of a rectangular

bi-vane of aspect ratio 2.5, for reasons that these results include effects of bi-

vane interference. However, as far as drag is concerned, the coefficients of a
single vane shown in Figure 10 - of the same aspect ratio - were employed. For
each ¢ = 0, 5, 10, and 15 degrees {(and one.set of 20) fixed, angle B8 was
varied stepwise using 1, 2, 4, 8, 12, 16, and 20 degrees. For example in
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Figure B2b, ¢ = 5 and assuming g =1, ap = 5+1=6 and ap = 5-1=4,

Hence CLA =0,340, C B = 0.220 , CDA = 0.0583 , Cnp, = 0.036 and so on.

L DB

Again, the same 1ift and drag results were employed to calculate (dfv/dB)B=0

by establishing dCL¢/da and dCD¢/da at the appropriate ¢ angle on the
graph when o =0 .

The predicted damping for bi-vanes (as already stated earlier) falls
considerably below the experimental values. In Figure B3, the predicted damping
is plotted against inertia ratio showing the decrease with increasing inertia
for various arm angles and trim angles ¢. It is particularly interesting to
observe the increase in the discrepancy between the calculated prediction and
the experimental results as trim increases. For zero trim ¢ = 0, the
discrepancy is fairly small and even with ¢ = 5 degrees the prediction is
reasonably acceptable. With ¢ = 10 and 15 degrees, however, the experimental
values far exceed the predicted figures and there is a strong suspicion that the
forces are greater on the vanes because of bi-vane interference. Further studies
in this field appear to be desirable.
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APPENDIX C
INERTIA

The inertia I of a vane about the axis of oscillations
I=1Icg * I

where IC G is the inertia of the vane about its own center of gravity and IX
is the inertia of the vane about the axis of oscillations.

Accordingly, for a rectangular vane

-1 3
Ic.q. = 12 be” te,
and
= 2
I, = bctoy, rE g,

where rc.g is distance between the axis and C.G. of the planform. If the
aerodynamic center is located at quarter chord from the leading edge
e =™ +-% and upon substitution one obtains

_ c? C\2
I = bctpv[Tz-+ (rn +Z)] .
To this quantity must be added the inertia of the shaft and of the counterweight

balance to obtain the inertia of the system.

Upon expanding the bracketed term one obtains for a rectangular vane with
the A.C. at quarter chord

1/c c \?
I = kr2 1+-(—>+.145 <—>
n [ 2 rn rn

where k = bctpv .
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